As mentioned earlier in Sec. 3.2, the chemical reaction (3) can easily occur since the glaze is saturated with spinel. The feasibility of the physical detachment can be supported by the microstructure of the glaze layer showing the existence of spinel particles on the interface of glaze and molten steel. Several previous studies [7] [8] [9] [10] [11] for the ladle glaze of a magnesite lining also suggested that the particles like MgO originally formed in the glaze layer can be retained in the liquid steel as inclusions. For example, Beskow and Du Sichen 10) reported that the complex inclusion of liquid CaO-Al 2 O 3 (-MgO-SiO 2 ) bearing MgO particles, one of the typical inclusions in a practical ladle treatment, was most probably originated from the ladle glaze itself. These results are in accordance with the present experimental results.
Introduction
Production of ultra clean steel has led a growing emphasis on the proper control of nonmetallic inclusions in steels. Nonmetallic inclusions can be classified into two types depending on the generation sources: endogenous and exogenous. Endogenous inclusions in steel are mainly formed in deoxidation process, while exogenous inclusions are caused by the reoxidation of molten steel, slag entrapment and breakdown of refractory materials. In particular, refractory materials have been indicated as one of the major sources of non-metallic inclusions in the molten steel during ladle metallurgy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Upon the discharge of molten steel into a tundish, the top slag moves down together with the molten steel, causing the molten slag to adhere onto the ladle wall, and freeze when cooled down. This slag film adhered to the ladle refractory is called "ladle glaze". When the next heat is poured into a glazed ladle, the solidified glaze melts and sometime it is detached from the refractory due to the strong flow patterns of molten steel and slag during the ladle treatment. In addition, the glazed refractory can continuously react with molten steel and generates non-metallic inclusions.
Recently, Beskow and Du Sichen 10) studied the formation of ladle glaze and its influence on the generation of nonmetallic inclusions in a practical ladle treatment. The ladle lining (refractory) in their study was magnesite refractory (carbon-bearing MgO lining). Riaz et al. 7) and Hassall et al. 8) also performed similar studies on the plant ladle treatment with magnesite refractory. The primary concerns of previous studies were to identify the inclusions and to correlate the melt cleanliness (the number of inclusion) and ladle age.
Ladle lining of high alumina is frequently used in secondary refining process for increasing the steel cleanliness. However, there has not been a report of comprehensive study on the ladle glaze for a high alumina refractory or a sufficient investigation of its effect on the formation of nonmetallic inclusions.
The present study aims to clarify the correlation between the ladle glaze formed on a high alumina refractory and melt cleanliness in secondary steelmaking process. Firstly, the glaze formation of a high alumina refractory in contact with the CaO-SiO 2 -Al 2 O 3 -MgO ladle slag was investigated. Then, the influence of the glazed refractory on the generation of non-metallic inclusions in Al-deoxidized molten steel was studied. Thermodynamic analyses using the FactSage 12) thermochemical computing program were also performed to understand the complex chemical reactions of the experiments.
Experimental

Materials Preparation
The chemical compositions of refractory material used in the present study are shown in A high alumina refractory, glazed by typical ladle slag of CaO-MgO-Al 2 O 3 -SiO 2 was investigated to understand the influence of the glazed refractory on the generation of non-metallic inclusions in Al-deoxidized molten steel at 1 600°C. The variations of microstructure and chemistry of the glazed refractory with reaction time were studied. Thermodynamic analysis was simultaneously carried out to understand the complex chemical reactions. During the reaction between the glazed refractory and molten steel, two chemical reactions were observed: between glaze and molten steel, and between glaze and original refractory. By the chemical reactions, SiO 2 in the glaze was reduced to [Si] by [Al] in molten steel. The glaze layer also gradually changed from the liquid CaO-MgO-Al 2 O 3 -SiO 2 phase with small amount of embedded spinel particles to the liquid CaO-MgO-Al 2 O 3 phase with embedded spinel and CaAl 4 O 7 particles. Severe erosion was observed in the porous spinel area of a refractory. Spinel inclusions were found as major inclusions originated from the glazed refractory. The erosion mechanism of the glazed refractory was proposed in the present study.
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fired up in a muffle furnace at 1 500°C and kept for 3 h for sintering. The sintered castable is cooled down to 1 200°C at a cooling rate of about 5°C/min. The furnace is then turned off in such a way that the castable can further cool down to room temperature inside the furnace.
The slag was prepared by mixing appropriate amount of high purity chemicals of CaCO 3 , MgO, Al 2 O 3 and SiO 2 materials and by premelting the mix in a graphite crucible at 1 600°C. The quenched and crushed slag was then decarburized at 1 200°C for 12 h.
Al-deoxidized molten steel was prepared by melting about 300 g of electrolytic iron with 0.03 g of FeS, which is placed in a MgO crucible (40 mm in inner diameter and 125 mm in height), in an induction furnace at 1 600°C. After holding the melt for about 10 min at 1 600°C, FeMn (ferromanganese) was added to obtain the steel melt containing 0.065 mass% Mn. For the final compositional adjustment, FeAl (Fe-2mass%Al alloy) was charged into the molten steel right before the experiments.
Experimental Procedure
The experimental procedure is summarized in Fig. 1 . That is, as-received refractory was cut to bar-type specimens (1 cm in thicknessϫ3 cm in widthϫ10 cm height) and dipped into liquid slag to prepare the glazed refractory. A MgO crucible containing the prepared slag (about 30 g) was placed in an induction furnace, and the temperature was increased to 1 600°C. Then, the glazed refractory sample was suspended above the MgO crucible for 30 min so that the temperature reaches above 1 200°C and that the breakage due to strong thermal shock is prevented. After the refractory was slowly dipped into the molten slag for 2 min, it was pulled out of the slag and kept in the turned-off furnace for slow cooling to room temperature.
For each experiment, the glazed refractory was dipped into the molten steel for 0.5, 1, 3, 5, 10, 15 and 30 min and pulled out for cooling at a rate of 32°C/min on average. For example, in the case of 30 min experiment, several samplings of Al-deoxidized molten steel were carried out in 0.5, 1, 3, 5, 10, 15 and 30 min to analyze the variation of steel chemistry. During the entire procedure, the furnace was kept in an Ar atmosphere which was purified by passing through Mg(ClO 4 ) 2 and Mg chips at 450°C.
Chemical and Microstructural Analyses
As-received and glazed refractory materials were cut and polished for examinations by an optical microscope, SEM and EPMA. The EPMA (WDS) examination was carried out using a JEOL JSM-6330F with a field emission gun. The compositions of the glazed refractory were analyzed by the WDS of 20 kV and the full ZAF corrections. Area mappings for the samples were also performed. The chemical composition of the slag was ascertained by ICP-AES and XRF analyses. The steel samples were sectioned and the middle parts were used for various analyses. The oxygen and sulfur contents were analyzed by N/O and C/S analyzer, respectively while the concentrations of other elements were analyzed by ICP-AES. At least 20 inclusions were examined in each steel sample, and their compositions were analyzed by the energy dispersive X-ray spectra (EDS) with the acceleration voltage of 20 kV and full ZAF corrections. Area mapping of each inclusion was also conducted to determine the distributions of elements and average composition of an inclusion. The analysis was carried out for at least 5 min in order to obtain enough intensity to resolve elemental peaks. Inca system was used to examine the results of EDS analysis.
Results
Glaze Formation
As can be seen in Fig. 2(a) , alumina particles in the asreceived refractory are even visible by the naked eye. Figure 2(b) shows the microstructure of the as-received refractory analyzed by SEM and EPMA. Large dense corundum (Al 2 O 3 ) particles were distributed in the matrix of spinel phase. The layer of CaAl 12 O 19 phase was found near the large corundum particles and many small pores were observed in the matrix area as well.
In order to simulate the glaze formation in a typical ladle of 150 ton capacity, the contact time of molten slag with refractory during the discharge of molten steel was simply estimated from the following assumption: The typical values of the thickness of slag, height of molten steel and discharging time of molten steel are about 150 mm, 3 880 mm and 50 min, respectively. Based on these parameters, the contact time of ladle refractory with slag to form glaze was estimated to be about 2 min. Therefore, the Table 1 . Chemical compositions of as-received refractory, molten slag, initial liquid glaze and initial steel (mass%). dipping time of refractory into molten slag was determined to be 2 min in the present study, and the dipping depth of bar-type refractory was about 3 cm. The amount of slag adhered to the refractory was weighted to be about 2 to 3 g depending on the trials. This adhered slag film was considered to be "glaze" in the present study. Figure 3 shows the photo image, microstructure and EPMA mapping images of a glazed refractory of high alumina. The thickness of the glazed layer was estimated to be about 150-200 mm. Since molten slag contains much higher CaO compared with the original refractory, the Ca mapping can identify the glazed layer easily. It is also shown that the molten slag had penetrated the porous spinel matrix area. On the other hand, large dense Al 2 O 3 phases seemed to be less influenced by slag during the glaze formation.
A close analysis of the glaze layer (A in Fig. 3 ) showed that the glaze is composed of non-crystalline oxide and small amount of spinel particles. The composition of liquid phase is almost homogeneously 39CaO-50Al 2 O 3 -7SiO 2 -5MgO in mass%. The spinel particle size in the glaze layer widely ranged from sub-mm to 10 mm. Several different kinds of Ca-Al-O oxide phases (CaAl 12 O 19 , CaAl 4 O 7 and CaAl 2 O 4 ) were observed around a large dense corundum particle, compared with single CaAl 12 O 19 layer around the corundum particle in the as-received refractory.
The chemistry of refractory beneath the glaze (B in Fig.  3 ) has also been changed during the glaze formation. An interesting finding is that a significant amount of Ca-Al-Si-O phase (of which composition was close to Ca 2 Al 2 SiO 7 (gehlenite)) was observed in this area, which rarely appears in the as-received refractory. Most probably, this Ca-AlSi-O phase results from the penetration of molten slag into the porous matrix. As can be seen in the Ca mapping in Fig.  3 , this porous matrix was partially penetrated by molten slag containing high CaO (54 mass%). Since numerous small holes (channels) are presented in the matrix, strong capillary force may accelerate the infiltration of molten slag. In comparison with the as-received refractory (Fig. 2) , it was also found that the infiltration of slag reduced the population of small pores in the matrix. The microstructure of the area C in Fig. 3 was similar to that of B. The microstructure of area D was almost identical to the original as-received refractory, which means that the area D was not affected by molten slag.
The chemical composition of the liquid glaze was quite different from the original slag. Thermodynamic calculations showed that the reaction of 65-75 mass% of original slag with 35-25 mass% of refractory could produce similar liquid glaze phase and small amount of spinel particles. That is, the glaze is the reaction product of molten slag and refractory produced within such a short contact time of 2 min. Beskow and Du Sichen 10) studied the formation of ladle glaze on a magnesite lining in contact with CaO-MgOAl 2 O 3 -SiO 2 ladle slag and found that the glaze layer was composed of liquid CaO-MgO-Al 2 O 3 -SiO 2 phase and MgO island particles. They also observed the slag had penetrated the porous area of the refractory. This is similar to the present experimental result for a high alumina refractory. Figure 4 shows the variation of the global chemical composition of Al-deoxidized molten steel with reaction time. That is, for example, the plotted global oxygen content is the total oxygen content which is a sum of dissolved oxygen in molten steel and oxygen of oxide inclusions. The concentrations of total Al and total oxygen decreased continuously with reaction time, and the concentrations of total Si and total Ca oppositely increased to 210 and 8 ppm, respectively. However, the concentrations of total Mn and total S remained almost constant. The chemical composition of molten steel is varied by the intimate chemical reaction with the glazed refractory, and the chemistry of ladle glaze will be changed simultaneously, which will be discussed in the following section. The calculated equilibrium oxygen contents are about 5 to 10 ppm. This means that the most of total oxygen are attributed to oxide inclusions.
Reaction between the Glazed Refractory and Aldeoxidized Steel
Molten Steel
3.2.2. Glazed Refractory 3.2.2.1. Overview Figure 5 shows the variation of surface of the glazed refractories with reaction time. Initial smooth surface is changed by the chemical reaction with molten steel. In particular, numerous large pits (ϳ1 mm size) were observed in 5 min. Then, the pits disappeared with reaction time, and large corundum particles of high density were observed on the surface of the glazed refractory. Figure 6 shows the change of the glazed refractory struc- ture during the reaction with Al-deoxidized molten steel. The glazed refractory surface maintained its smoothness only for 3 min and began to erode locally and severely after 5 min, resulting in rough and irregular surface. The erosion rate of the glazed refractory was not constant but faster in the porous spinel matrix area compared to that in the large dense corundum particle area. That is, as can be seen in the image at 15 min, the porous matrix area was eroded very deeply around the large corundum particles. As erosion goes on, large corundum (Al 2 O 3 ) particles can be physically detached and become inclusions. However, after the detachment, most of the large Al 2 O 3 particles will rapidly float up to the surface of molten steel. The irregular local erosion in Fig. 6 can account for generating the pits on the surface of refractory in Fig. 5 ; however, interestingly, the surface became smoother in 30 min than in 15 min. The EPMA mapping images of the glazed refractories are shown in Fig. 7 . The mapping images of Ca and Si clearly show the glazed layer and the penetration of liquid glaze into refractory materials. Therefore, the distributions of Ca and Si can give the clue for the reaction mechanism of the glazed refractory with molten steel. In the case of CaO, it was enriched in the glazed layer before the reaction. The CaO concentration in the porous matrix increased with reaction time, which means that CaO diffused into the porous matrix of the refractory from the glaze layer. However, the diffusion of CaO was limited only to certain distance of the refractory due to the limit source of CaO. Prior to the chemical reaction with molten steel, SiO 2 existed mainly in the glaze layer. Then, SiO 2 diffused into the porous matrix from the glaze layer like CaO. The SiO 2 concentration of the glaze layer became almost zero after 5 min. After 10 min, SiO 2 was not detected even up to 500 mm depth of the refractory. Figure 8 shows the SEM images of the glazed refractory after the reaction with molten steel for 1 min, and the overview of the glazed refractory is presented in Fig. 8(a) . Table 2 .
Glazed Refractory in 1 min
In the glaze layer ( Fig. 8(b) ), spinel particles (black) were observed in the liquid Ca-Al-Si-Mg-O matrix (white). The population of spinel particles increased compared with the original glaze layer in Fig. 3 . The chemistry of the liquid Ca-Al-Si-Mg-O phase was similar to that of the original liquid glaze except for slightly lower MgO content. CaAl 4 O 7 compounds (gray) were also frequently detected adjacent to large corundum particles. In the matrix area (Fig. 8(c) ), less spinel particle and more Ca-Al-Si-Mg-O phase were observed, compared with the same matrix area in the original grazed refractory. Small secondary precipitations were also observed in the Ca-Al-Si-Mg-O phase, which induced that this Ca-Al-Si-Mg-O phase might be liquid state at experimental condition. The microstructure of this area was rather similar to the outer glazed layer. Solid CaAl 4 O 7 phase was also observed around a large corundum particle. In summary, the microstructure of the glazed refractory after 1 min reaction with molten steel is similar to that of the original glazed refractory. However, it is certain that the outer liquid glaze penetrated the porous matrix of the refractory more deeply. Figure 9 shows the SEM images of the glazed refractory after the reaction with molten steel for 5 min. The overview of the glazed refractory is presented in Fig. 9(a) , and the glaze layer is shown in Fig. 9(b) . Spinel and CaAl 4 O 7 phases were more abundant in 5 min sample compared with 1 min sample. As results, the non-crystalline liquid oxide area became much smaller. The chemistry of liquid phase was quite different from that of 1 min sample or original glaze. MgO content of the liquid phase in 5 min sample was less than 2 mass%, compared with 4-5 mass% in 1 min sample. Furthermore, the concentration of SiO 2 was also less than 2 mass%, whereas it was about 8 mass% in 1 min sample. As results, the liquid phase in glaze layer became close to the binary CaO-Al 2 O 3 system (the molar ratio of Ca to Al was close to 1 : 2). In the case of 1 min sample and original glaze, CaAl 4 O 7 phase was observed only adjacent to large corundum particles. However, in 5 min sample, CaAl 4 O 7 phase was distributed randomly in the entire glaze layer.
Glazed Refractory in 5 min
The microstructure of the matrix area beneath the glaze layer is shown in Fig. 9(c) . The amount of spinel phase was more than that of the non-crystalline liquid phase. In addition, CaAl 4 O 7 phase was distributed randomly in this area. The liquid phase was nearly Ca-Al-Si-O phase (containing about 8 mass% SiO 2 and less than 2 mass% MgO). The size of spinel particle was much smaller than that in the glaze layer ( Fig. 9(b) ), and small precipitations were also observed in the liquid Ca-Al-Si-O matrix.
Deeper side of the refractory is shown in Fig. 9(d Figure 10 shows the SEM images of the glazed refractory after the reaction with molten steel for 30 min. The overview of the glazed refractory is presented in Fig. 10(a) . Both spinel (MgAl 2 O 4 ) and CaAl 2 O 4 phases were observed abundantly in the glaze layer ( Fig. 10(b) ). It should be noted that liquid Ca-Al-Si-Mg-O phase in the original glaze was changed almost completely to binary liquid Ca-Al-O phase (the atomic ratio of Ca to Al is 1 : 2). Less than 0.5 mass% MgO and SiO 2 were detected in this phase. The inner side of the refractory is shown in Fig. 10(c) . CaAl 12 O 19 phase was observed around a large corundum particle. Spinel particles embedded in the CaAl 4 O 7 matrix were also observed. Small amount of the non-crystalline Ca-Al-Si-O phase (ϳ6 mass% SiO 2 ) was also observed. The relics of a corundum particle are observed in Fig.  10(d) . According to the EPMA phase determination, corundum phase completely transformed to CaAl 12 O 19 phase. This shows that the corundum particle can be diminished by the chemical reaction with the penetrated glaze phase. The large area of CaAl 4 O 7 phase was also observed.
Glazed Refractory in 30 min
Non-metallic Inclusions
The population of non-metallic inclusions detected in the molten steel is summarized in Table 3 . More than 20 inclusions were randomly selected from each sample and EDS analysis was carried out. Al 2 O 3 inclusion was abundant in the early stage of the reaction and its population decreased with reaction time. On the contrary, the population of spinel inclusion increased with reaction time. The complex (SpinelϩAl 2 O 3 ) inclusion was also observed frequently. Figure 11 shows the typical inclusions observed in the Al-deoxidized molten steel during the reaction with the glazed refractory at 1 600°C. In the beginning of the reaction, irregular shape Al 2 O 3 inclusion and its agglomerate (Figs. 11(a) and 11(c) ) were abundant. The population of Al 2 O 3 inclusion decreased with reaction time, and it almost disappeared after 15 min. Spinel inclusion began to be observed from 1 min, and its population increased with reaction time. No spinel agglomerate was found. After 30 min, all inclusions were spinel inclusions. The size of spinel inclusion was about 2 to 4 mm, and the most of them were in facet shape. The chemical composition of spinel did not correspond to a stoichiometric MgAl 2 O 4 . The spinel contained excess amount of Al 2 O 3 and the molar ratio of Mg to Al was analyzed to be about 1 to 2.5. In the intermediate stage (3 to 10 min), the complex (spinelϩAl 2 O 3 ) inclusion was frequently observed. Mn-Al-Si-O inclusion, SiO 2 inclusion, and complex inclusion of (spinelϩMgS) were rarely observed.
Discussion 4.1. Thermodynamic Analysis
The FactSage thermodynamic software 12) with recent FACT oxide database [13] [14] [15] and liquid iron database 16) were used for the thermodynamic analyses of the chemical reac- tion between the glazed refractory and Al-deoxidized molten steel. The deoxidation phenomena in liquid steel database were modeled by the new Associate Model. 16) While the classical Wagner formalism 17) for dilute liquid solutions Fe-M-O assumes that all dissolved elements (M and O) exist as separate atoms and are distributed randomly, the Associate Model assumes that dilute elements which have a strong affinity for oxygen dissolve as separate atoms (M and O) and also form dissolved associated molecules (M*O), and that all the species are distributed randomly in liquid steel. The dissolved species are at equilibrium: MϩOϭM*O with Gibbs energy of this reaction Dg M*O which is the only model parameter. In certain cases, M 2 *O associated molecules are also assumed to describe deoxidation phenomena in liquid steel more accurately. Furthermore, it has been found 16) that Dg M*O is independent of temperature in all cases. In this way, no interaction parameters between M and O are required. The new Associate Model reflects the actual structure of the solution more closely than the classical Wagner formalism 17) and gives a much better description of the configurational entropy. Two chemical reactions should be considered to understand the variation of the chemistry of the molten steel and glazed refractory: i) Chemical reaction between glaze and molten steel ii) Chemical reaction between glaze and refractory Since the glaze layer exists between molten steel and refractory, the direct interaction between the molten steel and refractory is theoretically prevented. In order to perform the accurate simulation of the reactions between the glazed refractory and molten steel, kinetics for both reactions are required, which is beyond the scope of the present study. Instead, for the sake of simplicity, two-step thermodynamic calculations were performed. That is, the chemical reaction between molten steel and glaze was calculated first, and then the chemical reaction of the remaining glaze and refractory was calculated subsequently. Figure 12 shows the variation of the calculated chemical composition of molten steel by the chemical reaction with glaze at 1 600°C. In the calculation, 100 g of steel reacted with increasing amount of glaze up to 1 g. As pointed out in Sec. 3.1, the amounts of glaze and molten steel participated in chemical reaction were about 3 and 300 g, respectively.
Molten Steel and Inclusions
In the calculations, thus, 100 g of steel reacted with increasing amount of glaze up to 1 g. The chemical composition of initial steel was set to be the same as the initial steel composition after Al deoxidation treatment (see Table 1 ), and the composition of original liquid glaze was set to be the same as the initial liquid glaze composition, 36CaO-7SiO 2 -6MgO-51Al 2 O 3 in mass% (see Table 1 ). As the chemical reaction between glaze and molten steel proceeds, the amount of glaze participating in the reaction will increase. Therefore, 100 g of initial steel were let react with increasing amount of initial liquid glaze (x-axis in Fig. 12 ). Complete equilibration was assumed at each step of increasing glaze amount. This is one of the simplest ways to take the reaction kinetics into account in the thermodynamic calculations.
As reacting amount of glaze is increased, [Si] in molten steel increases and [Al] decreases, and no significant changes of [Mn] and [S] are found, which are in good agreement with experimental results. SiO 2 content in the glaze is decreasing with the reaction. The major chemical reaction between the glaze and Al-deoxidized molten steel in the present study is:
The difference between the experimental total [O] (in Fig. 4 ) and calculated equilibrium [O] of molten steel (in Fig. 12 ) is directly related to the amount of non-metallic oxide inclusions. In the early stage of the reaction between the glazed refractory and Al-deoxidized molten steel, large amount of undissolved oxygen can be calculated due to the suspension of Al 2 O 3 inclusions generated by Al deoxidation process. The amount of inclusion can decrease with reaction time by its floatation to the top surface of molten steel. After 1 min, spinel inclusions began to appear and became dominant with reaction time. The spinel inclusions can be generated by: As mentioned earlier in Sec. 3.2, the chemical reaction (3) can easily occur since the glaze is saturated with spinel. The feasibility of the physical detachment can be supported by the microstructure of the glaze layer showing the existence of spinel particles on the interface of glaze and molten steel. Several previous studies [7] [8] [9] [10] [11] for the ladle glaze of a magnesite lining also suggested that the particles like MgO originally formed in the glaze layer can be retained in the liquid steel as inclusions. For example, Beskow and Du Sichen 10) reported that the complex inclusion of liquid CaO-Al 2 O 3 (-MgO-SiO 2 ) bearing MgO particles, one of the typical inclusions in a practical ladle treatment, was most probably originated from the ladle glaze itself. These results are in accordance with the present experimental results.
Glazed Layer
Similar to the calculations performed in Fig. 12 , variation of chemical composition of liquid glaze was also calculated using the chemical reaction between glaze and Aldeoxidized molten steel. As explained previously, the chemical reaction between the original liquid glaze and Aldeoxidized molten steel can reduce SiO 2 content of liquid glaze down to less than 1 mass%. However, it is difficult to explain the decrease of MgO content of the glaze to less than 1 mass%. Thermodynamically, only very small amount of MgO of liquid glaze can be reduced to [Mg] of molten steel. Therefore, if the chemical reaction between molten steel and glaze layer is only considered, the glaze should be composed of liquid phase (37CaO-7MgO-56Al 2 O 3 in mass%) and small amount of spinel phase. However, the present experimental data showed that the glaze became a mixture of CaO-Al 2 O 3 (molar Ca/Alϭ1/2; CaAl 2 O 4 ), spinel and CaAl 4 O 7 phases at 30 min. Thus, it is impossible to explain the final glaze chemistry solely by the chemical reaction between glaze layer and molten steel. The discrepancy can be resolved when the chemical reaction between glaze layer and refractory is also considered. Figure 13 shows the phase diagrams of the CaO-MgO-Al 2 O 3 system at 1 600°C and 1 400°C. If we simply assume that all the SiO 2 in liquid glaze are reduced to [Si] by the previous reaction with molten steel, the liquid glaze composition becomes close to 37CaO-7MgO-56Al 2 O 3 in mass%. This is marked as a starting point (A) in Fig. 13(a) . The composition of the liquid phase can be changed to point (B) resulting from the chemical reaction with abundant corundum (Al 2 O 3 ) and spinel particles in the refractory. Even in this case, liquid glaze contains about 7 mass% MgO. It is impossible to avoid MgO in the liquid glaze at 1 600°C. It is believed that the liquid phase of the glaze is 27CaO-4MgO-69Al 2 O 3 in the experimental condition at 1 600°C. This liquid phase of (B) in Fig. 13(a) can be then solidified to a mixture of 55CaAl 2 O 4 -29CaAl 4 O 7 -16MgAl 2 O 4 in mol% as shown in Fig. 13(b) during the relatively slow cooling process after the present experiment. The liquid origin is also more persuasive because fine precipitations are frequently found in the Ca-Al-O matrix (nearly CaAl 2 O 4 composition). Therefore, it is most probable that the glaze layer at 1 600°C is composed of liquid phase (27CaO-4MgO-69Al 2 O 3 in mass%) with small amount of spinel and CaAl 4 O 7 particles.
Infiltration of Glaze into Refractory
The liquid glaze can easily diffuse into porous spinel matrix area of the refractory. Due to the chemical reaction between corundum particle and liquid glaze (CaO source), CaAl 12 O 19 and CaAl 4 O 7 phases can be easily developed around large corundum particles. Even in certain cases, the corundum particle was completely transformed to the CaAl 12 O 19 and CaAl 4 O 7 phases as indicated in Fig. 10 . Furthermore, gehlenite phase (Ca 2 Al 2 SiO 7 ) became more abundant in the refractory by the infiltration of liquid glaze into the refractory.
Erosion Mechanism of Glazed Refractory
Based on the experimental results and thermodynamic analyses in the present study, the formation and erosion processes of the glazed high alumina refractory can be summarized as follows. The glaze (about 150-200 mm in thickness) formed on the refractory surface consists of liquid CaO-MgO-Al 2 O 3 -SiO 2 oxide phase and small amount of embedded spinel particles. By the chemical reaction between glazed refractory and molten steel, liquid glaze can preferentially erode the porous spinel matrix area, which produces pits on the surface of the glazed refractory. Due to the preferential erosion of the porous spinel matrix, large dense corundum particles can be physically detached. Then, irregular and rough surface of the glazed refractory can become smoother again after the detachment of the first layer of corundum particles. The glaze is continuously reacting with molten steel and it also continuously penetrating the porous spinel matrix area of the refractory. Of course, due to the chemical reactions, the chemistry of glaze layer and matrix area is changed continuously. In this way, the refractory lining can continuously be eroded. If new glaze is formed on the surface of the pre-glazed refractory, the larger amount of glaze can accelerate the erosion process of a refractory.
Summary
A high alumina refractory glazed by the typical ladle slag of CaO-MgO-Al 2 O 3 -SiO 2 was used to investigate the influence of the glazed refractory on the generation of nonmetallic inclusions in the Al-deoxidized molten steel at 1 600°C. The results of present study are summarized as:
(1) As-received high alumina refractory consisted of large dense alumina particles and porous spinel matrix. After the chemical reaction of the as-received refractory with the molten slag for 2 min, the ladle glaze of 150 to 200 mm thickness formed on the surface of the refractory. The glaze layer was composed of liquid oxide phase and small amount of spinel particles. Thermodynamic analysis showed that the glaze was the reaction product of molten slag and refractory.
(2) During the reaction of the glazed refractory and Aldeoxidized molten steel, two chemical reactions were observed: chemical reaction between glaze and molten steel, and chemical reaction between glaze and original refractory. (3) By the chemical reaction between the glazed refractory and molten steel, SiO 2 in the glazed refractory was reduced by Al in molten steel to increase Si content in molten steel. Simultaneously, the glaze reacted with refractory, and the glaze was gradually changed to the liquid CaO-Al 2 O 3 -MgO matrix phase with spinel and CaAl 4 O 7 particles.
(4) The liquid glaze preferentially penetrated the porous spinel matrix area of the refractory, and caused severe erosion. The erosion mechanism of the glazed refractory was proposed on the basis of the experimental results and thermodynamic analysis.
(5) The major inclusion originated from the glazed refractory was spinel inclusion. The spinel inclusion can be generated by the physical detachment of spinel particle from the liquid glaze or the chemical reaction between the glaze and molten steel.
